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The  mechanical  properties  of  two  fully  cured  rubber-modified  epoxy 
systems,  each  with  varying  morphologies  and  maximum  glass  transition  tem¬ 
peratures  4fgE^*r)-  developed  from  different  cure  conditions,  have  been  investi¬ 
gated  versus  temperature  (-90  to  140^0  using  the  neat  system  (gig*  =  167*C) 
as  control.  The  mechanical  properties  of  the  amino-terminated  rubber-modified 
system  were  more  sensitive  to  cure  history  than  those  of  the  prereacted 

carboxyl -terminated  rubber-modified  system.  The  improvement  of  fracture 

\ 

energy  at  a  low  strain  rate  for  a  Rubber-modified  epoxy  system  depends 

on  both  the  volume  fraction  of  the  disperse^  phase  and  the  inherent  ductility 


of  the  matrix,  the  latter  being  related  to 


INTRODUCTION 


The  crack  resistance  of  cured,  brittle  epoxy  materials  can  be  improved  by 
addition  of  reactive  liquid  rubber  to  the  uncured  epoxy  formulations  (_1_,2^.  A 
cured  rubber-modified  material  usually  exhibits  a  two-phase  structure  consisting 
of  finely  dispersed  rubber-rich  domains  (~0. 1  -  5  ym)  bonded  to  the  epoxy 
matrix.  The  mechanical  properties  are  dependent  on  the  relative  amounts  of 
dissolved  and  phase-separated  rubber,  the  domain  size  and  size  distribution  of 
the  dispersed  phase,  and  the  chemical  and  physical  compositions  of  the  matrix  anc. 
of  the  dispersed  phase  n-_8) . 

In  the  previous  paper  (9[),  the  cure  process  and  its  relationship  to  the 
development  of  morphology  and  transitions  for  two  rubber-modified  epoxy  systems 
was  discussed.  In  an  attempt  to  develop  and  arrest  a  fully  cured  but  distinct 
cure-dependent  morphology,  a  two-step  cure  process  was  used:  a)  the  resin  was 
cured  isothermally  at  different  temperatures  (Tcure)  until  reactions  ceased,  and 
b)  the  cured  resin  was  postcured  by  heating  above  the  maximum  glass  transition 
temperature  ( )  of  the  system  to  complete  the  reactions  of  the  matrix.  A 
tetrafunctional  aromatic  diamine-cured  diglycidyl  ether  of  bisphenol  A 
(DGEBA)-type  epoxy  resin  was  selected  as  the  neat  system  because  of  its  high 
ETgo,  ( 1 67°C ) .  The  two  rubber-modified  systems  containing  15  phr  of  rubber  were 
obtained  by  modifying  the  neat  system  with  a  commercial  prereacted  carboxyl- 
terminated  rubber  and  a  commercial  ami no- terminated  rubber,  respectively;  both 
rubbers  had  been  made  from  the  same  copolymer  of  butadiene  and  acrylonitrile. 

The  main  objective  of  this  research  was  to  investigate  the  mechanical  pro¬ 
perties  of  fully  cured  specimens  of  the  two  rubber-modified  epoxy  systems,  each 


with  varying  morphologies  and  maximum  glass  transition  temperatures  which  had 
been  made  using  different  cure  conditions,  with  the  neat  system  as  the  control. 
Dynamic  mechanical  properties  in  torsion,  uniaxial  compressive  modulus,  yield 
stress  and  strain  behavior,  and  tensile  fracture  behavior  at  a  low  strain  rate 
were  obtained  over  a  range  of  test  temperatures  (-90  to  140eC). 

EXPERIMENTAL 

Materials 

The  chemical  structures  of  the  materials  used  for  the  neat  and  the  two 
rubber-modified  systems  have  been  described  in  the  previous  paper  (j>).  Hie  neat 
system  was  a  DGEBA-type  epoxy  resin  (DER  331,  Dew  Chemical  Co. )  cured  with  tri- 
'nethylene  glycol  di-p-aminobenzoate  ("HiAB",  i.e.  Polacure  740M,  Polaroid 
orp. ).  The  first  system,  denoted  DTK-293,  was  modified  with  a  commerical 
nrereacted  carboxyl-terminated  butadiene-acrylonitrile  copolymer  ("K-293", 
pencer  Kellog  Co.).  The  K-293  rubber  had  been  made  by  reacting  a  carboxyl- 
erminated  rubber  containing  17%  acrylonitrile  (CTBNx8,  B.  F.  Goodrich  Chemical 
o. )  with  excess  of  DGEBA  resin.  Hie  second  system,  denoted  DTAxl6,  was 
modified  with  a  commercial  amino-terminated  butadiene-acrylonitrile  copolymer 
also  containing  17%  acrylonitrile  (ATBNxl6,  B.  F.  Goodrich  Chemical  Co.).  Hie 
commercial  ATBN  rubber  contained  a  residual  amount  (-3%  by  weight)  of 
N-( 2-ami noethyl)  piperazine  (AEP)  from  its  synthesis  (10).  Hie  formulations 
for  the  neat  and  the  two  rubber-modified  systems,  each  containing  15  phr  of 
the  butadiene-acrylonitrile  copolymer,  are  included  in  Table  I.  Hie  neat 
epoxy  system  was  also  modified  with  15  phr  of  the  unreacted  carboxyl- 


terminated  rubber  (CTBNx8)  in  an  attempt  to  investigate  the  effect  of  poor 
interfacial  bonding  on  fracture  behavior. 


Specimen  Preparation 

The  mixture  of  liquid  epoxy  resin  and  liquid  rubber  (for  the  modified 
systems )  was  heated  to  1 20°C  in  an  open  beaker  and  the  solid  curing  agent  was 
added  and  dissolved  with  the  aid  of  mechanical  stirring  for  5  minutes.  The 
solution  was  degassed  at  100eC  for  25  minutes  in  a  preheated  vacuum  oven  at  a 
pressure  of  about  1  torr,  and  then  was  poured  into  two  preheated  (at  Tcure) 
molds  [pre-coated  with  a  release  agent  (QZ13,  Ciba-Geigy  Chemical  Co.)  (11)], 
and  cured  according  to  the  chosen  cure  conditions  (Table  II)  to  form  a  large 
casting  for  the  compact  tension  and  film  specimens,  and  small  rods  for  the 
compression  specimens,  respectively.  The  large  casting  (220x220x6  mm)  was  pre¬ 
pared  in  an  air  oven,  the  open  end  of  the  mold  being  sealed  with  a  plug  made  of 
silicone  rubber  (RTV660,  General  Electric  Co. )  to  minimize  exposure  to  air 
during  cure.  The  rods  (length  =  60  mm,  diameter  ■  7  mm)  were  prepared  under 
nitrogen  in  an  oven.  After  cure,  the  molds  were  allowed  to  cool  freely  inside 
the  ovens  to  room  temperature  (~  1°C/minute ).  The  casting  and  rods  were  then 
removed  from  their  molds,  and  specimens  were  machined  to  the  specified  dimen¬ 
sions  for  mechanical  testing.  Residual  stresses  were  removed  by  an  annealing 
process  in  nitrogen  which  involved  heating  the  specimens  from  room  temperature 
to  200°C  before  freely  cooling  them  to  room  temperature. 


Morphologies  of  cured  specimens  were  examined  using  TEM  micrographs  (9^). 
Specimens  (from  previously  fractured  compact  tension  specimens)  were  stained 
with  osmium  tetraoxide  (which  reacted  with  the  double  bonds  of  the  rubber)  and 


were  microtomed  at  room  temperature,  ttie  volume  fraction  and  mean  diameter  of 
the  dispersed  phase  were  determined  by  using  both  Schwartz -Saltykov's  diameter 
( 12)  and  Spektor's  chord  ( 1 2)  methods.  Twenty  to  thirty  TEM  micrographs  were 
examined  on  average  for  each  cure  condition.  The  volume  fractions  of  the 
dispersed  phase  obtained  by  the  two  methods  were  in  good  agreement  (j)) . 

Dynamic  Mechanical  Analysis 

The  use  of  an  automated  torsional  braid  analysis  (TBA)  instrument  to  study 
cure  behavior  and  its  relationship  to  the  properties  of  the  cure  state  involved 
obtaining  the  dynamic  mechanical  properties  of  composite  specimens,  each  formed 
by  impregnating  a  braid  substrate  with  a  reactive  epoxy  resin  (JJ).  For  the  pre¬ 
sent  report,  the  TBA  instrument  was  used  as  a  conventional  freely  decaying  tor¬ 
sional  pendulum  (TP)  (13)  to  obtain  the  quantitative  values  of  shear  modulus 
(G')  and  logarithmic  decrement  (A)  of  film  specimens  (~0.8  x  3.0  x  60  mm),  which 
had  been  machined  from  the  large  casting.  Dynamic  mechanical  spectra  of  the 
fully  cured  specimens  were  obtained,  after  heating  from  RT  to  200°C,  on 
cooling  to  -170°C  at  a  rate  of  1 .5°C/minute.  Transitions  were  identified  by  the 
temperatures  of  maxima  (and  the  associated  frequencies,  ~  1  Hz)  in  the  logarith¬ 
mic  decrement.  The  shear  modulus  was  determined  from  the  natural  period  (P)  and 
logarithmic  decrement  (A)  using  the  following  equation  (14): 


in  which  the  form  factor 


3. 

N  =  ~  (1  -  0.63  £  ) 

J  D 

where 

a,  b,  i  «  thickness,  width  (a  <  b/3),  and  length  of  the 
specimen,  respectively 

1  =  moment  of  inertia  of  the  oscillating  parts  of  the 

pendulum 

m  =  mass  supported  by  the  specimen  (32  gm) 

A  =  in  <Aj/Ai+i )  (A^  is  the  amplitude  of  the  ith 

oscillation  of  a  freely  damped  wave). 


Uniaxial  Compression  Experiments 

The  true  yield  stress  and  yield  strain,  and  the  true  compressive  modulus 
were  determined  from  uniaxial  compression  experiments  since  highly  crosslinked 
epoxy  materials  fracture  prior  to  plastic  yielding  when  tested  under  uniaxial 
tension  (£,J7).  Compression  rods  (4/d  ■  1.8:  length  *  12.6  mm,  diameter  *  7 
mm)  were  machined  from  rods  (4  ~  60  mm).  After  annealing,  the  rods  were 
deformed  in  a  compression  cage  (which  had  been  lubricated  with  molybdenum 
disulphide  grease)  between  lightly  polished  steel  plates,  at  a  constant 


crosshead  displacement  rate  (1  mm/minute)  over  a  range  of  temperatures  (-90  to 
140°C).  The  true  stress,  o,  was  determined  from  the  following  equation  (7): 


a  «  f—  (1  -  e)  (2) 

A 

o 

where  P  =  load  from  the  load -displacement  record 

A0  -  initial  cross-sectional  area  of  specimen 
e  *  nominal  strain  from  the  crosshead  displacement  after 

correction  for  machine  deflection  using  a  steel  specimen. 


racture  Experiments 

The  fracture  behavior  of  the  cured  epoxy  materials  was  examined  using 
ampact-tension  specimens  (100  x  96  x  6  mm)  (Figure  1)  which  had  been  machined 
;om  the  large  casting.  After  annealing,  a  slot  was  made  along  the  centerline 
a  specimen  using  a  handsaw  and  then  a  sharp  crack  was  formed  at  the  base  of 
ie  slot  by  carefully  tapping  a  fresh  razor  blade  in  the  base  thus  causing  a 
tural  crack  to  grow  for  a  short  distance  ahead  of  the  blade.  The  specimen  was 
runted  in  a  tensile  testing  machine  (Znstron),  a  constant  displacement  rate 
(1  mm/minute)  was  applied,  and  the  associated  load,  P,  versus  displacement  was 
recorded  (6,7.).  Experiments  were  conducted  over  a  range  of  temperatures  (-90  to 
140*C).  The  value  of  the  fracture  energy,  GIC  (kJm"2),  was  determined  from 


5 


where 


KIC  “  stress  intensity  factor  (MNjn"V2) 

E  =  Young's  modulus  (GPa)  (=  initial  compressive 

modulus ) 

v  *  Poisson's  ratio  (=  0.40,  see  later) 


and 

KIC  -  PCQ/H/W 

where  Pc  =  load  at  crack  initiation 

Q  =  geometric  factor 
H  *  thickness  of  specimen 

w  *  width  of  specimen  as  defined  in  Figure  1 
a  =  crack  length 

(Q  =  29.6  (a/W)1/2  -  185.5  (a/W)3/2  +  655.7  (a/W)5/2  -  1017  (a/W)7/2  +  638.9 

(a/W)9/2]. 

All  measurements  of  KIC  are  vaii<j  according  to  the  procedure  and  limits 
prescribed  in  the  relevant  American  Society  for  Testing  and  Materials  specif ica 
tion  (ASTM  E399-72),  except  at  high  temperatures  starting  at  approximately 
50#C  below  ETg06  for  each  system,  which  were  beyond  the  recommended  limits 
(26). 

After  having  been  fractured  at  different  temperatures,  fracture  sur¬ 
faces  of  the  compact- tens ion  specimens  were  coated  with  a  thin  layer  (~  600  A) 


of  gold  using  a  high  vacuum  sputterer  for  examination  by  scanning  electron 


microscopy  (SEM). 


RESULTS  AND  DISCUSSION 

Cure,  Transitions  and  Morphology 

The  cure  process  and  its  relationship  to  the  development  of  morphology  and 
transitions  for  the  two  rubber-modified  epoxy  systems  has  been  discussed  in  the 
previous  paper  (9K  Of  the  two  rubber-modified  epoxy  systems,  the  volume  frac¬ 
tion  of  the  dispersed  phase  and  values  of  ETg®  for  the  DTAxl6  system  were  more 
sensitive  to  cure  conditions.  The  values  of  ETg*>  f°r  the  systems  studied 
followed  the  order:  neat  (167°C)  >  DTK-293  (161  to  163°C)  >  DTAxl6  (125  to 
1 48°C ) .  A  decrease  in  ETg»  can  be  a  consequence  of  dissolved  rubber  but  cannot 
account  for  the  large  decrease  of  ETg»  for  the  present  DTAxl6  system,  which 
ilso  has  the  highest  volume  fraction  of  dispersed  phase.  The  anomaly  for  the 
)TAxl6  system  has  been  attributed  to  the  complexity  of  the  cure  chemistry 
-fhich  is  introduced  in  using  the  ATBN  rubber  (_9).  In  contrast,  the  cure  che¬ 
mistry  for  the  neat  and  DTK-293  systems  are  essentially  the  same  since  the 
reactive  end  groups  in  each  are  identical. 

In  order  to  investigate  the  effect  of  morphology  and  ETg®  on  the  mechani¬ 
cal  properties,  two  extreme  cure  conditions  (100°C/40  hr  +  170#C/5  hr;  and 
200#C/3  hr. )  were  selected  in  an  attempt  to  provide  specimens  with  the  widest 
variation  of  properties.  The  cure  conditions,  transitions,  and  details  of 
morphology  for  these  rubber-modified  DTK-293  and  DTAxl6  specimens  are  tabulated 


in  Table  IX,  which  also  includes  data  for  the  neat  system.  The  volume  fractions 
of  the  dispersed  phase  ranged  from  about  0.11  for  the  DTK-293  100°C  cured  speci¬ 
men  to  about  0.34  for  the  DTAxl6  100°C  cured  specimen,  the  latter  being  about  3 
times  the  volume  fraction  of  rubber  added  initially.  The  mean  diameter  of  the 
dispersed  phase  ranged  from  about  0.6  pm  for  the  DTK-293  100SC  cured  specimen  to 
about  3  pm  for  the  DTAxl6  100°C  cured  specimen.  The  values  of  gig*,  ranged  from 
125°C  for  the  DTAxl6  100°C  cured  specimen  to  163®C  for  the  DTK-293  100°C  cured 
specimen. 

The  transitions  listed  in  Table  II  were  obtained  from  torsional  pendulum 
(TP)  logarithmic  decrement  data  (Figure  2)  using  fully  cured  specimens. 

For  the  neat  epoxy  specimens,  three  relaxations  were  observed:  a  high  tem¬ 
perature  relaxation  associated  with  £Tg« ;  a  relaxation  at  approximately  -35°C 
<ETsec®>;  and  a' weak  one  below  ETsec«>*  For  both  of  the  rubber-modified  epoxy 
specimens,  four  relaxations  were  observed:  a  high  temperature  relaxation 
associated  with  ETg«f  a  relaxation  at  approximately  -35°C;  a  relaxation  at 
about  -50°C  associated  with  the  rubber  glass  transition  (RTg)j  and  a  weak  one 
below  gTg.  The  values  of  ETg«  obtained  with  the  specimens  were  the  same  as 
those  obtained  using  TBA  specimens  (_9 ).  However,  the  values  of  ETsec®  for  the 
neat  specimens  and  values  of  gTg  for  the  rubber-modified  specimens  obtained  in 
the  TP  mode  appeared  to  be  slightly  higher  than  those  obtained  using  the  TBA 
mode  ( -  4°C ) . 

Shear  and  Compressive  Moduli 


The  shear  modulus  (G* )  versus  test  temperature  for  the  D1K-293  and  the 
DTAxl6  specimens,  as  well  as  data  for  the  neat  system,  are  shown  in  Figures  3 


and  4,  respectively.  The  corresponding  compressive  modulus  versus  test  tem¬ 
perature  plots  are  shown  in  Figures  5  and  6,  respectively.  [The  compressive 
modulus  data  at  the  lowest  temperature  may  be  unreliable  because  of  severe 
frictional  effects  (17).]  For  elastic  isotropic  materials,  the  shear  modulus 
(G* )  is  related  to  Young's  modulus  (=  compressive  modulus)  by  (18): 

E  =  2G'(1  +  v)  (3) 

where  u  *  Poisson's  ratio. 

The  ratio  of  the  compressive  to  shear  moduli  was  generally  found  to  be  about 
2.8;  consequently  Poisson's  ratio  was  taken  to  be  0.4,  which  is  similar  to 
reported  values  for  other  glassy  polymeric  materials  (18). 

The  values  of  the  modulus  for  all  of  the  systems  are  expected  to  be 
similar  below  pTgr  but  at  higher  temperatures  to  reflect  the  extent  of  phase 
separation  and  the  values  of  ETg«>«  In  general,  between  pTg  and  ETg®  the  moduli 
of  the  rubber-modified  specimens  were  lower  than  those  for  the  neat  specimens. 
The  moduli  for  the  100  and  200°C  neat  specimens  were  about  the  same  throughout 
the  test  temperature  range  reflecting  the  identical  values  of  ETg®  for  the 
two  specimens.  Similarly,  the  values  of  modulus  for  the  DTK-293  specimens 
cured  at  100  and  200°C  were  about  the  same  in  consequence  of  the  insensitivity 
of  both  gTg®  and  the  volume  fraction  of  the  rubber-rich  domains  to  cure  con¬ 
ditions.  In  contrast,  different  values  of  shear  and  compressive  moduli  were 
observed  at  test  temperatures  above  80°C  for  the  DTAx16  100  and  200°C  cured 


specimens  in  consequence  of  the  very  different  values  of  sTg<»  for  these  two 
specimens. 

Yield  Stress  and  Strain 

The  true  uniaxial  compressive  yield  stress  versus  test  temperature  for  the 
DTK-293  system  and  DTAx16  system,  as  well  as  data  for  the  neat  system,  are  pre¬ 
sented  in  Figures  7  and  8,  respectively.  The  corresponding  yield  strain  data 
are  shown  in  Figures  9  and  10,  respectively. 

The  values  of  yield  stress  for  all  the  systems  decreased  with  increasing 
test  temperature  due  to  increasing  ductility  of  the  matrix.  The  yield  stress 
and  strain  behavior  for  the  neat  and  DTK-293  specimens  were  insensitive  to  dif¬ 
ferences  in  their  previous  cure  history.  In  contrast,  differences  were  observed 
at  high  temperatures  between  the  DTAx16  100  and  200°C  cured  specimens.  In 
general,  the  values  of  yield  stress  decreased  in  the  order:  neat  >  DTK-293 
100*0  =  200°C  >  DTAxI 6  200°C  >  DTAx16  100°C  which  is  the  order  of  decreasing 
ETg»  and  inverse  order  of  increasing  volume  fraction  of  dispersed  phase. 

The  values  of  yield  strain  decreased  with  increasing  temperature,  and  above 
0°C  appeared  to  follow  the  order:  DTK-293  >  neat  >  DTAxl6. 

Fracture  Behavior 

As  for  other  epoxy  systems  [6),  three  basic  types  of  crack  growth  could  be 
identified  from  the  load-deflection  curves:  at  low  test  temperatures,  brittle 
stable  crack  growth;  at  intermediate  temperatures,  brittle  unstable  crack  growth 


(where  crack  propagation  occurred  intermittently  in  a  "stick/slip"  manner);  and  at 
higher  temperatures,  ductile  stable  crack  growth. 

The  fracture  energy  (GI(; )  for  the  systems  versus  test  temperature  are 
shown  in  Figure  11.  For  the  neat  system,  the  properties  of  the  100  and  200°C 
fully  cured  specimens  would  be  anticipated  to  be  independent  of  their  cure 
histories  since  ^Tg*  not  affected  by  the  time-temperature  reaction  path  of 
cure.  It  is  therefore  not  surprising  that  the  values  of  fracture  energies  for 
the  neat  100  and  200°C  cured  specimens  were  the  same.  The  fracture  energies  for 
the  two  DTK-293  specimens  (100  and  200°C)  also  appeared  to  be  insensitive  to 
their  cure  histories  which  is  attributed  tb  the  similar  values  of  ^Tg^,  and 
volume  fractions  of  dispersed  phase  for  these  specimens.  In  contrast,  the  frac¬ 
ture  energies  for  the  DTAxl6  specimens  (100  and  200°C)  were  dependent  on  their 
cure  histories  as  a  consequence  of  the  cure  chemistry  and  volume  fraction  of 
dispersed  phase  of  this  system  being  dependent  on  the  time-temperature  path  of 
cure  (9).  The  fracture  energy  of  the  DTAx16  100°C  cured  specimen,  which  has  a 
higher  volume  fraction  of  dispersed  phase  and  lower  £Tg<»r  was  higher  than  that 
for  the  200aC  cured  specimen  at  all  temperatures. 

A  small  improvement  of  fracture  energy  above  that  of  the  neat  specimens 
was  observed  for  the  DTK-293  specimens  throughout  the  test  temperature  range. 

On  the  other  hand,  a  larger  improvement  of  fracture  energy  was  observed  for  the 
DTAx16  specimens,  especially  at  high  temperatures.  The  fracture  energies  for 
the  rubber-modified  specimens  followed  the  order  of  increasing  volume  fraction 
of  the  dispersed  phase  (i.e.  DTAxl6  100*C  >  DTAx16  200°C  >  DTK-293  100°C  * 

200°C),  which  is  also  the  decreasing  order  of  values  of  gTg,,  (i.e.,  DTAxl6  100°c 


<  DTAx16  200°C  <  DTK-293  100#C  a  200°C).  The  ratios  of  fracture  energies  for 
the  rubber-modified  specimens  to  that  for  the  neat  specimens  at  room  tem¬ 
perature  varied  from  1.7  for  the  DTK-293  (100  and  200°C)  specimens,  and  to  3.5 
for  the  DTAxI 6  200°C  cured  specimen,  and  to  3.7  for  the  DTAxl6  100°C  cured 
specimen.  Fracture  energy  has  been  related  to  the  volume  fraction  of  the 
dispersed  phase  by  other  researchers  ( 5, 1 5, 1 9, 20).  The  similar  values  of 
fracture  energies  for  the  two  DTK-293  specimens  (100  and  200°C)  suggests  that 
the  fracture  energy  is  less  sensitive  to  the  domain  size  (within  the  range  of 
domain  size  attained),  since  the  mean  diameters  of  the  rubbery  domains  for 
these  two  specimens  were  different  although  the  volume  fractions  were  about 
the  same  (Table  II).  The  distribution  of  particle  size  in  these  materials  was 
unimodal  (j)) .  It  has  been  reported  that  the  fracture  energy  may  be  dependent 
on  the  size  distribution  of  rubber-rich  inclusions  for  bimodal  distributions 
l±.2,20). 

The  improvement  of  fracture  energy  for  the  rubber-modified  epoxy  materials 
is  a  consequence  of  the  increased  extent  of  energy  dissipating  deformations 
occurring  in  the  vicinity  of  the  crack  tip  during  loading  (6, J)m  This  is 
demonstrated  by  comparing  the  fractographs  of  a  neat  200°C  cured  specimen 
(Figure  12)  and  a  DTK-293  200°C  cured  specimen  (Figure  13),  both  being  fractured 
at  23°C.  The  lesser  extent  of  shear  deformation  in  the  neat  specimen  results 
in  a  lower  fracture  energy  since  shear  yielding  is  a  principal  source  of  energy 
dissipation.  For  the  rubber-modified  specimen,  the  deformation  processes  can 
involve  multiple  plastic  shear  yielding  in  the  epoxy  matrix,  void  formation 
(cavitation)  either  in  the  domain  particles  or  at  the  particle/matrix 
interface,  and  tear  of  domain  material. 


The  difference  in  coefficients  of  thermal  expansion  between  the  rubber  and 
the  matrix  causes  the  rubber  to  contract  after  the  particle  fails.  Cavitation 
of  the  rubber  gives  rise  to  the  appearance  of  many  hollow  deep  holes  in  frac- 
tographs,  sane  of  which  (as  in  Figure  13)  appear  to  have  been  enlarged  by  the 
deformation  of  the  matrix  which  occurs  on  fracture.  Zt  has  been  reported  that 
the  holes  become  "hillocks"  after  swelling  the  rubber  with  a  solvent  indicating 
that  most  of  the  rubber  is  still  in  the  holes  as  a  lining  in  the  cavities  (6K 
In  contrast,  fracture  surfaces  of  the  DTAx16  100SC  cured  specimen  appear  to 
show  fracture  of  the  inclusions  without  their  disappearance;  this  is  attri¬ 
buted  to  the  presence  of  large  amounts  of  epoxy  in  the  domains  (JJ).  Change  in 
the  composition  of  the  inclusions  may  affect  fracture  energy  values  (21 ). 

It  is  noteworthy  that  the  rubber-modified  epoxies  (i.e.  DTK-293  and 
DTAxI 6) ,  and  nearly  all  of  those  reported  in  the  literature,  have  well-bonded 
particles  as  a  consequence  of  the  chemical  reactivity  of  the  rubber.  An 
attempt  was  undertaken  to  investigate  the  effects  of  poor  bonding  by  modifying 
the  neat  system  with  the  unreacted  carboxyl -terminated  rubber.  Poor  inter¬ 
facial  bonding  is  revealed  in  the  fractograph  for  the  unreacted  carboxyl- 
terminated  rubber-modified  specimen  (Figure  14).  The  volume  fractions  for  the 
unreacted  carboxyl-terminated  rubber-modified  specimen  and  the  prereacted 
carboxyl-terminated  rubber-modified  DTK-293  specimens  were  about  the  same, 
although  the  particles  for  the  former  specimen  were  larger.  The  ratio  of 
fracture  energies  for  the  unreacted  carboxyl-terminated  rubber-modified  speci¬ 
men  to  that  for  the  neat  specimens  at  room  temperature  was  1.2,  compared  to 
1.7  for  prereacted  carboxyl -terminated  rubber-modified  DTK-293  specimens. 


which  is  an  indication  of  the  importance  of  attaining  adequate  interfacial 
bonding,  the  adverse  effects  of  poor  interfacial  bonding  on  the  fracture 
energy  would  have  been  displayed  aore  convincingly  by  using  a  reacted  rubber- 
modified  system  which  gives  has  a  significant  improvement  of  fracture  energy 
above  that  of  the  neat  system. 

For  all  of  the  systems,  the  fracture  energy  increased  at  an  accelerating 
rate  with  test  temperature  due  to  increasing  ductility  of  the  matrix.  At  low 
temperatures,  the  crack  is  relatively  sharp  and  the  fracture  energy  low  because 
the  yield  stress  is  high  (Figures  7  and  8).  Thus  the  extent  of  plastic  defor¬ 
mation  and  associated  crack  tip  blunting  is  relatively  limited.  As  the  tem¬ 
perature  increases,  the  yield  stress  decreases  so  that  more  crack  tip  yielding 
is  possible  and  the  crack  becomes  blunter.  This  results  in  higher  failure  loads 
and  higher  fracture  energies  at  higher  temperatures.  The  increase  of  ductility 
of  the  matrix  with  temperature  is  apparent  in  the  fractographs  of  the  DTAxl6 
100°C  cured  specimens  fractured  at  -60,  0  and  120°C  (Figures  15,  16  and  17 
respectively). 

Since  the  effect  of  decreasing  %Tgm  i*  equivalent  to  the  effect  of 
increasing  temperature,  the  fracture  energy  for  the  DTAxl6  100°C  specimen  should 
be  the  highest  of  all  of  the  specimens  due  to  its  low  sTg*,,  However,  a  second 
factor  is  the  volume  fraction  of  dispersed  phase  and  this  specimen  also  has  the 
highest  volume  fraction  (Table  II).  The  relatively  poor  improvement  of  fracture 
energy  for  the  DTK-293  specimens  is  a  consequence  of  the  similar  values  of  duc¬ 
tility  of  the  neat  {ETg*  -  167°C)  and  the  rubber-modif ied  matrices  (gTg*  -  161 
and  163°C)  and/or  the  relatively  low  volume  fraction  of  dispersed  phase  obtained 


using  this  rubber*  In  an  attempt  to  investigate  further  the  effect  of  gTga,  on 
the  fracture  energy*  comparison  of  the  fracture  energies  was  made  by  normalizing 
the  test  temperature  (T)  relative  to  each  system's  maximum  glass  transition  tem¬ 
perature.  The  normalized  results  of  Gjc  versus  (-(ETg«  -  T)]  (Figure  18) 
clearly  show  that  some  of  the  improvement  in  Gjc  for  the  DTAx16  specimens  is 
due  to  the  increased  ductility  of  the  matrix,  arising  from  their  lower  ETg<B 
values  (compare  Figures  11  and  18).  However,  as  would  be  expected,  the  volume 
fraction  of  the  dispersed  phase  is  also  playing  a  role  in  improving  the  frac¬ 
ture  energy  (compare  DTK-293  and  DTAx16  specimens.  Figure  18). 

As  a  caveat,  it  should  be  noted  that  the  yield  behavior  of  the  matrix  is 
controlled  by  the  details  of  molecular  structure  of  the  matrix.  The  value 
of  sTg.  is  just  a  convenient  "first  order"  parameter  in  reflecting  the  ductility 
of  the  matrix. 

From  the  point  of  view  of  high  Tg  matrix  materials,  the  improvement  of 
fracture  energy  at  room  temperature  by  rubber-modification,  with  the  inclu¬ 
sions  produced  in  the  present  work,  is  not  substantial.  For  example,  at  100°C 
below  ETg.  the  maximum  improvement  over  the  neat  system  was  about  3  times  for 
the  systems  studied. 

CONCLUSIONS 

The  mechanical  properties  of  the  two  fully  cured  rubber-modified  epoxy 
systems  have  been  investigated  versus  test  temperature  as  a  function  of  dif¬ 
ferent  cure  conditions  using  the  neat  system  as  control.  The  mechanical  pro- 


perties  included  shear  and  compressive  moduli,  uniaxial  yield  stress  and 
strain  in  compression,  and  the  fracture  energy  (Gjg)  at  a  low  strain  rate.  Of 
the  two  rubber-modified  systems,  the  mechanical  properties  of  the  amino- 
terminated  rubber-modified  system  were  more  sensitive  to  cure  history  than  the 
prereacted  carboxyl-terminated  rubber-modified  system  in  consequence  of  the 
higher  sensitivity  of  the  volume  fraction  of  the  dispersed  phase  and  the  maxi¬ 
mum  glass  transiton  temperature  (gT^)  of  the  matrix  to  cure  conditions. 
(Additional  cure  reactions  are  introduced  in  using  the  amino-terminated 
rubber.)  The  fracture  energy  increased  with  temperature  (-90  to  140°C)  for 
all  of  the  systems  due  to  increasing  ductility  of  the  matrix,  in  general 
following  the  order:  amino-terminated  rubber  >  prereacted  carboxyl-terminated 
rubber  >  neat  system.  The  fracture  energies  of  the  different  systems  were 
also  compared  after  normalising  the  test  temperature  to  the  maximum  glass 
transition  temperature  of  each  system  because  of  the  large  variations  of  ETg‘ 
for  the  systems  (i.e.  neat  (167°C)  >  prereacted  carboxyl-terminated  (161  to 
163°C)  >  ami no- terminated  rubber  (125  to  148°C)].  This  procedure  clearly 
revealed  that  the  fracture  energy  was  dependent  on  both  the  volume  fraction  of 
the  dispersed  phase  and  the  ductility  of  the  matrix,  the  latter  being  related 

tO  ETgas. 
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TABLE  CAPTIONS 


r-'  1.  Chemical  Formulations  of  the  Neat,  DTK-293  and  DTAx16  Systems. 

I  2.  Effect  of  Cure  Conditions  on  Transitions  and  Morphology. 
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FIGURE  CAPTIONS 


Dimensions  of  Compact-Tension  Specimen  used  for  Fracture  Experiments. 

Torsional  Pendulum  (TP)  Thermomechanical  Spectra  for  Strip  Specimens: 
Logarithmic  Decrement  vs.  Temperature. 

Shear  Modulus  vs.  Test  Temperature  (DTK-293  and  Neat): 

(□)  DTK-293  100°C>  (+)  DTK-293  200°C 
(0)  Neat  100°C  t  (o)  Neat  200°C. 

Shear  Modulus  vs.  Test  Temperature  (DTAxl6  and  Neat): 

(0)  DTAxl6  100°C  ;  (+)  DTAxl6  200°C 
(^)  Neat  100°C  >  (o)  Neat  200°C. 

Compressive  Modulus  vs.  Test  Temperature  (DTK-293  and  Neat): 

(Q)  DTK-293  100°C;  (+)  DTK-293  200°C 
(Q>)  Neat  100°C  ;  (o)  Neat  200°C. 

Compressive  Modulus  vs.  Test  Temperature  (DTAx16  and  Neat): 

(O)  DTAxI 6  100°C  ;  (+)  DTAxl6  200°C 
($)  Neat  100°C  ;  (o)  Neat  200°C. 

Yield  Stress  vs.  Test  Temperature  (DTK-293  and  Neat): 

(Q  DTK-293  100°C>  (  +  )  DTK-293  #C 
(<f)  Neat  100°C  ;  (o)  Neat  200eC. 
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8.  Yield  Stress  vs.  Test  Temperature  (DTAx16  and  Heat): 
(0)  DTAxl6  100°C  |  (+)  DTAxl6  200°C 
(0)  Neat  100°C  ;  (o)  Neat  200°C. 


9.  Yield  Strain  vs.  Test  Temperature  (DTK-293  and  Neat): 
(a)  DTK-293  100°C»  (+)  DTK-293  2008C 
(*)  Neat  100°C  >  (o)  Neat  200°C. 


10.  Yield  Strain  vs.  Test  Temperature  (DTAxl6  and  Neat): 
(0)  DTAxl6  100°C  ;  (  +  )  DTAxl6  2008C 
(0)  Neat  100°C  >  (o)  Neat  2008C. 


11.  Fracture  Energy  (Gjc)  vs.  Test  Temperature  (DTK-293,  DTAxl6  and  Neat): 
(Q)  DTK-293  100°Cj  (+)  DTK-293  200°C 
(*)  DTAxl6  1008C  i  (A)  DTAxl6  2008C 
($>)  Neat  1008C  ;  (o)  Neat  2008C. 

(...)  Data  beyond  the  recommended  limits  for  ASTM  E399-72. 


12.  SEM  Micrograph  of  the  Fracture  Surface  of  a  Neat  200°C  Cured  Specimen. 
(Fracture  Temperature  =  238C).  (Crack  growth  direction  from  right  to 
left,  vertical  line  is  crack  arrest/crack  re-initiation  line  (6,  15). 

13.  SEM  Micrograph  of  the  Fracture  Surface  of  a  DTK-293  200°C  Cured  Specimen. 
(Fracture  Temperature  ■  23°C). 


14.  SEM  Micrograph  of  the  Fracture  Surface  of  an  Unreacted  Carboxyl -Terminated 


•  •  «*» 


■  •  •  •  *  «  *  .  *  .  '  .  »  .»*.«, 


-  25  - 


Rubber-Modified  Specimen  cured  at  200*C  for  3  hours. 

(Fracture  Temperature  «  130*0. 

15.  SEX  Micrograph  of  the  Fracture  Surface  of  a  DTAxl 6  2 00*C  Cured  Specimen. 
(Fracture  Temperature  ■  -60*C.) 

16.  SEM  Micrograph  of  the  Fracture  Surface  of  a  DTAx16  200*C  Cured  Specimen. 
(Fracture  Temperature  «  0°C. ) 

17.  SEM  Micrograph  of  the  Fracture  Surface  of  a  DTAxl6  200°C  Cured  Specimen. 
(Fracture  Temperature  ■  120*C.) 

18.  Fracture  Energy  vs.  Test  Temperature  Normalized  to  et9*  ^dtk-293»  DTAx16 
and  Neat): 

(O)  DTK-293  100®Ci  (+)  DTK-293  200°C 
(*)  DTAxI 6  100«C  >  (A)  DTAxl6  200#C 
(0)  Meat  100°C  i  (o)  Neat  200°C 

(•••)  Data  beyond  the  AS1M  recommended  limits  for  ASTM  E399-72. 


TABLE  I.  Chemical  Formulations  of  the  Neat,  DTK-293  and  DTAx16  Systems 


Neat 

DTK-293 

DTAxI 6 

DER  331 

100.0 

100.0 

100.0 

TMAB 

41.0 

51.0 

39.9 

K-293 

- 

42.0 

- 

ATBNxI 6 

15.0 

The  basis  for  the  formulations  is  as  follow: 

1)  Neat  System  (no  rubber):  1  epoxy/1  amine  hydrogen 

2)  Rubber-modified  systems:  a)  15  phr  of  rubber  based  on  15  phr  of 
unreacted  epoxy;  b)  1  mole  of  K-293  contains  0.44  mole  of  rubber 
and  0.56  mole  of  epoxy;  c)  1  free  epoxy/ 1  amine  hydrogen:  assuming 
all  epoxy  end  groups  in  DTK-293  and  in  DER  331  react  with  TMAB;  and 
assuming  all  NH  in  ATBN  rubber  (including  NH  in  AEP)  and  TMAB 
react  with  epoxy. 


TABLE  II.  EFFECT  OF  CURE  CONDITIONS  ON  TRANSITIONS  AND  MORPHOLOGY 


80  mm,  W 


Thickness,  M*  6mm 
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